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Design curves are developed to simplify solution of the 
Hantush (1967) equation for groundwater mound build-up under a 
rectangular recharge basin. Curves are developed by analyzing a 
large number of solutions to the theoretical equation. Two sets 
of curves are developed, one for build-up beneath the center of 
the basin, the second for build-up anywhere in the field. 
Center-point curves are presented for 3 basins with length to 
width ratios of 2 to 1, and were easily developed. The more 
generalized curves are developed for the limited case of a 200 ft 
by 100 ft basin and are complicated by the many parameters in-
volved. They require a multi-step process for utilization. 
A computer program, DELTAH, was developed to produce the 
required data by solving the Hantush equation. DELTAH may be the 
most valuable solution method as it can be applied to a variety of 
cases. A user's manual and example problem are included. 
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Artificial Recharge and Grotmdwater Monnds 
The build-up of a groundwater mound is a phenomenon pro-
duced by the artificial recharge of a water table aquifer. Arti-
ficial recharge is typically accomplished through recharge basins 
and injection wells. The following descriptions are taken from an 
American Water Works Association (AWWA) Task Group Report (1963): 
Artificial ground water recharge through recharge 
basins consists of the impoundment of surplus waters 
at selected locations where the permeability of the 
tmderlying soils permits the infiltration of the 
impounded waters into the water-bearing stratum of 
the subsoil. 
Recharge basins are used for the following purposes: 
1. To conserve surplus rain waters [storage of 
rainfall excess] 
2. To supplement the quantity of ground water 
naturally available 
3. To reclaim waste waters and make them part 
of the available ground water supply 
4. To remove suspended matter by filtration 
Other advantages ••• are: (1) artificial 
drainage of storm water and waste water effluents 
without construction of long conduits to streams or 
tide waters; (2) reduction in size of conduits for 
storm water drainage because of impoundment of peak 
flows ••• ; (3) reduction of stream flood flows by 
impotmdment ••• 
The use of recharge systems is becoming more and more impor-
tant as water demands become more intense and as water pollution 
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and stormwater control measures are instituted. An excellent exam-
ple of the successful use of basin recharge is provided by Long 
Island, New York. 
Originally, Long Island drew all of its water from wells and 
replenished the aquifer by returning the wastewater through cesspool 
systems. As development progressed with population growth and 
increased sewerage systems the wastewater which previously had pro-
vided the recharge was wasted to tide waters resulting in serious 
aquifer depletion and salt water intrusion (Baffa 1967). Between 
1935 and 1964 more than 400 stormwater storage and recharge basins 
were placed into operation in Nassau County with 40 mgd annual 
recovery estimated for 1964 (Hunziker 1964). 
Design and implementation of recharge basins requires an 
understanding of their effect on the water table surface for pre-
diction of increased storage capacity, loading limitations, and 
possible flooding conditions. Several solutions to this ground-
water mound problem have been developed. 
Included among these are solutions by Glover (1960), 
Baumann (1965), Dagan (1967), and Hantush (1967) which are based 
on Dupuit-Forcheimer theory and utilize linearization techniques to 
solve the non-linear Boussinesq equation (Tseng 1973). More recent 
solutions by Tseng and Ragan (1973), Hunt (1971), Brock (1974), and 
Singh (1976) utilize finite difference techniques. Results of 
these studies indicate that the linearization methods are of limited 
accuracy since the Dupuit assumption fails in regions of steep 
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hydraulic gradients. Brock concluded that solutions using the 
Dupuit-Forcheimer assumptions closely approximated his results for 
shallow aquifers only ("as long as the initial saturated depth of 
the aquifer is less than about 0.6L in which L is the half-width of 
a strip basin"). 
Typically, solutions are presented for an infinite strip 
recharging basin and for the three-dimensional case of a circular 
recharging area. Glover and Hantush present solutions for the 
three-dimensional case of a rectangular recharge area. The Glover 
solution assumes a constant rate of rise for the phreatic surface 
and an absence of horizontal spreading in addition to the basic 
assumptions of an isotropic, homogeneous aquifer of infinite areal 
extent. 
The Hantush solution becomes, therefore, the only sophisti-
cated approach to the mound growth beneath a rectangular recharge 
basin. The Hantush solution claims to be applicable with deviations 
of less than 6%, as tested by viscous flow models, for water table 
rises of up to 50% of the initial depth of saturation. 
Comparisons of the Hantush solution with actual f1eld data 
collected by Haskell and Bianchi (1968) for build-up beneath the 
center-point of two square 2-acre ponds is presented, in appendix A. 
Objectives 
The objective of this study was to simplifY the use of the 
Hantush solution for groundwater mound build-up beneath a rectangu-
lar recharge area. The primary intention was to determine the 
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feasibility of developing design curves for percolation basins and 
to develop such curves if possible. .As the ntnnber of variables 
involved is large (see eqs. 1-4) an analytical method of accomr 
plishing this was immediately dismissed. It was hoped that an 
empirical method could be fotmd by analyzing a large number solu-
tions. 
A secondary objective was thereby introduced which was to 
develop a large number of solutions. The obvious response to this 
requirement was to write a computer program which would solve the 
equation. The program needed to be versatile to data input and 
able to loop over various parameters to provide output for varying 
conditions. The program in itself would provide one means of 
simplifying the use of the Hantush equation. 
II. THE HANTUSH SOLUTION 
The equations developed by Hantush (1967) estimate the rise 
and fall of groundwater mounds in response to uniform vertical 
recharge. The aquifer is assumed to be infinite in areal extent, 
homogeneous, and isotropic. Solutions for both circular and rec-
tangular recharging areas were developed. The solution for a rec-
tangular recharging area as depicted in figure 1 is as follows 
(Walton 1970): 
h2 - h 2 = wbt [w*(1.37(b + x)-v?;_. 1.37(a + y)~J i . 15Sy Tt 
+ W*(1.37(b + x)~, . ~l 1.37{a - y) Tt 
+ W*( 1. 37(b ~ - x) , t 1.37(a + y)~ 
+ W* (1. 37(b 
- x) -vft. Tt 1.37(a - y) iftl] (1) 
where hi = initial height of water table above aquiclude, in feet 
h = height of water table above aquiclude with recharge, 
in feet 
recharge 2 w = rate, in gpd per ft 
b = O.S(hi +h), in feet 
t = time after recharge starts, in days 
sy = specific yield of aquifer, fraction 





































































































































































x,y = coordinates of observation point in relation to center 
of recharge area, in feet 
T = coefficient of transmissibility, in gpd/ft 
a = one-half length of recharge area, in feet 
The ftmction of W* is defined by 
(2a) 
Values of W* are presented in appendix B for the range of a and/or 
B between 0.02 and 3.00. For a and/or B outside this range the 
following relationships hold: 
if a or B negative W*(-a,S) = W*(a,-S) = -W*(a,S) 
W*(-a,-B) = W*(a,S) 
if a or B = 0 
if a> 3 
if B ~ 3 
W*(a,B) = W*(S,a) 
W*(O,S) = W*(a,O) = 0 
W*(a,S) ~ 1 - 4i2 erfc (S) 
W*(a,S) ~ 1 - 4i2 erfc (a) 
if a > 3 and B > 3 W*(a,S) ~ 1 
if a2 + a2 ~ 0.10 W*(a,S) "' .;aa [3 + lY(a2 + S2) 
(-~an-1 ! + ~an-1 a.)] B a a. 1f 
in whieh W(x) is the well function 
W(x) 1: exp ~ -x) dx 
The decay of the water table is given by 
2 2 h -hi= Z(x,y,t) - Z(x,y,t - t 0) 
in which Z is the right side of equation 1 and t 0 is the time 









Theoretical Development of the Equation 
The Hantush solution develops out of the differential equa-
tion of groundwater motion based on conservation of matter~ 
_rapvx/ + ClpvY/ + apvz/ J + pF = pS apf l ax ay a z s I dT (5) 
in which v , vy, and v are the fluid velocity components X Z 
p is the fluid density 
F(x,y,z,t) is the rate at which water is being released 
within the field per unit time per unit volume 
S is the specific yield 
y 
S is the specific storage 
s 
'(x,y,z,t) is the piezometric or hydraulic head 
Figure 2 is a diagrammatic representation of flow in a ver-
tically replenished aquifer for a general case (Hantush 1964) . 
Integration of equation 2 with respect to z' assuming p to be con-
8 
stant, followed by substitution of appropriately derived expressions 
for vz, followed by application of the rule of differentiation under 
the integral sign to interchange the differentiation and integration 
operations results in the following: 
(a/ ax) [a (bcjl) /ax - cjl (H) aH/ax + cjl(f) a£/ ax] 
+ (a/ay) [ a(bcjl) /ay - cjl(H) aH/3y + cjl(f) 3£/ay] 
+ {u - w)/K + bF/K = (S /K) 3H/at y 

















































































































~(f) = ~(x,y,f,t) 
~(H) = ~(x,y,H,t) 
- F(x,y,t) = the average rate at which water is added 
(hypothetically generated) per unit time per 
unit volume to the flow 
~(x,y,t) = the average head over the thickness b = H - f 
that is: 
1JH F = - . Fdz b . f and - lfH ~ = - ~dz b f 
By comparison of figures 1 and 2 the following substitutions 
can be made to develop the solution to the groundwater mound 
problem: 
u = 0 (no percolation at the lower boundary) 
f(x,y) = 0 (horizontal, or near so, lower boundary) 
H = h 
b=H-f=H=h 
$(H) = ~(h) = 0 
~ = lJH zdz = 1:_ (h zdz 




F (z ,y, z, t) = 0 
These substitutions result in the following expression: 
_ w = Sy aH + S s _1_ ( h 2 ) 
K K dt K at 2 
in which K is the hydraulic conductivity. 
(7) 
TakingS >>> Ss, and hi to be a valid solution for the case y 
of w = 0, and substituting into equation 7 results in: 
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(8) 
which when subtracted from the original equation (7) yields: 
After redefining w to be positive in the downward direction, 
defining the term b = ~(h + hi) to be a constant of lineariza-
tion, and creating the step function g{x,y) (This function defines 
the recharge rate to be 0 outside of the recharging area boundaries) 
equation 9 becomes: 
in which: 
a2 z a2 z 2w = 8y az 
a7 + ayz + K g(x,y) Ko at 
z = h2 - hi2 
g(x,y) = gl (y) 
= 0 
b = ~(hi + h) 
0 < X< b 
X> b 
0 < y <a 
y > a 
The boundary conditions for this case are: 
Z(x,y,O) = 0 
az az 
ax (O,y,t) = ay(x,O,t) = 0 




The solution to this system of equations is given by equations 
1-4. It was accomplished by Hantush (1967) using successive appli-
cations of both Laplace and Fourier transforms and inverse trans-
forms. The function '~*(a,S) was integrated by parts and the 
results tabulated. This table is presented in appendix B. 
III. DEVELOPED SOLUTION METHODS 
The DELTAH Computer Program 
DELTAH is a Fortran computer program written by the author 
which models the Hantush solution for build-up of a groundwater 
mound beneath a rectangular recharge area, as presented in section 
II. The model solves these equations in exactly the same arithme-
tic and algebraic form in which they appear there. Two linear 
interpolations are performed in extracting the values of W*(a,S) 
from the table of W* values in appendix B. 
'!he DELTAH program is written such that all of the parameters 
can be varied. Nested DO loops are programmed for transmissibility, 
specific yield, time, recharge rate, and point coordinates x andy. 
Any combination of these parameters may be varied during the same 
rt.m. The basin size is fixed, and any number of data sets, each 
referring to a selected basin, can be rtm at the same time. 
The output provides a topographic map of build-up for each 
set of time, recharge, and formation parameters. Line solutions 
along the axes of the basin or single point (any desired point) 
solutions can also be obtained. To obtain solutions along a diag-
onal traverse, the entire topographic map must be printed. By 
symmetry, the points (x,y), (-x,-y), (-x,y), and (x,-y) are all 
equivalent with respect to build-up. With x and y oriented as 
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shown in figure 1, the program develops the map for the southeast 
quadrant, which is an image of that for the other quadrants. 
A user's manual including input format and descriptions of 
variables and an example problem with developed input data is 
included in appendix C. 
Design Curves for Mound Build-up Beneath 
the Center of the Basin 
Maximum groundwater build-up occurs beneath the center-point 
of the percolation basin. This value can be used as an indicator 
for surface flooding or as a maximum value from which to estimate 
the elevation of the mound surface elsewhere in the field. The 
build-up (~h) is a function of transmissibility (T), time (t), 
recharge rate (w), specific yield (Sy), and the basin dimensions. 
It follows that for a specified basin, a family of curves, each for 
a specified S and T, relating the normalized build-up, 8h/w, to y 
time will perform the desired function. 
A set of three such curves is developed for rectangular 
basins with length to width ratios of 2 to 1. These are presented 
as figures 3, 4, and 5. The basin sizes selected are 200 ft x 100 
ft (20,000 sq ft ~~acre), 400ft x 200ft (40,000 sq ft ~ 2 acres), 
and 800ft x 400ft (160,000 sq ft ~ 8 acres). As a logarithmic 
scale is used for these graphs, one graph of build-up vs time is pre-
sented as figure 6 to illustrate the shape of the curve in arithmetic 
coordinates. 
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Ftgure 3. Mound Build-up per ft/gpd/tt2 of Recharge Beneath the Basin 
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Ftgure 4 . Mound Build-up per ft/ gpd/ ft2 of Recharge Beneath the Basin 
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FiCJ,Jre 5. Mound Build- up per ft/gpd/ft2 of Recharge Beneath the Basin 
Center for Stated Transmissibility (gpd/ft) Clld Specific Yield: Basin = 600ft by 400ft. 
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Figure 6. Grollldwater Mound Build-up vs Time . for Stated Transmissibilities 
(gpd/ft) at Center of 200ft by lOOft Seepage Basin, Sy = 0.25. 
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rectangular shapes thereby increasing their usefulness as a design 
reference. 
- Design Curves for Mound Build-up Beneath 
Any Point in the Field 
Solution Approach and Development 
To extend the solution from a fixed point to one for any 
point in the field, the location parameters, x andy, must be intra-
duced. This greatly increases the complexity of the solution. 
The problem was approached by observing the geometry of the 
solution. The topographic output of the DELTAH program showed the 
iso-build-up contours to be elliptical in shape (ellipses were not 
rigorously established) and concentric about the projected center 
of the basin. 
The possibility that geometric similarity would produce a 
useful parameter was tested by using the ratio of the length of the 
major half-axis, j, to that of the minor half-axis, n, as a measure 
of eccentricity. (Eccentricity is rigorously defined as the ratio 
of c to j where c is the focal distance [!>ratter and Morrey 196~ .) 
As the eccentricity did not remain constant as the distance from 
the center of the basin, y, increased, similarity failed. 
The possibility that the shape of the contour ellipse, (j/n), 
varied in exactly the same manner for all basins of similar geometry 
was quickly checked by comparing a sequence of eccentricity vs y/a 
relationships for three different sized basins. (Note that for a 
traverse along the major axis, y = j.) This also failed. 
The next attempt w~s based on using the eccentricity of the 
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ellipse to relate the build-up at any point (x,y) to that at a spe-
cific point at which it is known. A 200 ft x 100 ft basin was 
selected and the specific yield was set at 0.25. Given a family of 
graphs of build-up vs y (~0), each for a specified transmissibility, 
the build-up at point (x,y) can be determined if a second point 
(O,y'), such that both points lie on the same contour ellipse, is 
known. The equation of an ellipse whose foci lie on the y axis is: 
Recalling the plottable relationship j/n vs y provided the second 
"equation" for the problem with 2 unknowns. 
Since the function y/n = f(y) is not explicitly defined, the 
equations cannot be solved algebraically. Fortunately a trial and 
error method is simplified by the fact that given a point on an 
ellipse with a known range of "eccentricity", a reasonable first 
estimate of j can be made. The problem is then solved by getting 
j/n from a graph of j /n vs j and solving the equation of an ellipse 
for n. Tile initial assumption of j is then checked by comparing: 
? 
jassumed = (j/n)assumed graph x ncalculated 
The process is then repeated until satisfactory agreement is 
reached. This was therefore accepted as a workable mechanism for 
relating the build-up at point (x,y) to that at some point along 
the major axis. 
For design purposes graphs of build-up along the major axis 
and graphs of j /n vs j (or y) are required for useful ranges of 
21 
time, transndssibility, specific yield, and basin dimensions. 
Continuing with the case of fixed basin size and specific 
yield, a set of eccentricity charts was prepared for nine different 
combinations of T and t. One such graph is shown in figure 7 for 
T = 1000 gpd/ft and t = 30 days. The nine curves all exhibit consid-
erably similar shape and are relatively parallel. This indicated 
that they might be mappable, one onto another, by a linear function 
such as: 
(11) 
where m = the constant of slope 
bint = the constant of intercept 
The curve for T = 1000 gpd/ft and t = 30 days was selected as a 
reference and linear regression was performed to determine the 
linear constants relating the other curves to it. Values of 
j/n were taken at intervals of y = 10 ft over the range (Ti, ti) 
40 ft ~ y ~ 190 ft. The linear correlations were excellent; results 
are shown in table 1. 
The nine sets of (mi,bi) were then plotted in figure 8. Two 
families of curves were developed; m vs T for various t, and hint 
vs T for various t, with T as a coaxial ordinate. These curves· are 
reasonably consistent and provide a means of obtaining m and hint 
for all combinations of T and t within the ranges plotted. This in 
turn provides a means for determining j/n for the same range of 
parameters from the reference curve of j/n vs y for T = 1000 gpd/ft 
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Figure 7. Eccentricity vs Major Axis Length of Topogr~hic Ellipses for 
Standard Basin: Basin = 200ft. by lOOft., TrCilsmlssibility = 1000 gpd /ft, 
Ttme = 30 days. 
TABLE 1 
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The graphs of build-up along the major axis, shown in figure 
9, were easily developed directly from the DELTAH topographic output. 
The Hantush solution by this design curve method is there-
fore generalized for all cases of a 200 ft x 100 ft basin and speci-
fie yield of 0.25. Efforts to generalize the solution over other 
basin sizes and specific yields were terminated due to time con-
straints. 
It must be emphasized here that similar data sets can be 
developed for a variety of basin sizes, and, that a reasonable 
possibility exists that some relationship could be developed 
relating them to one another. Thus, a standard basin would be 
developable siudlar to the standard eccentricity curve presented 
previously (figures 7 and 8). 
Use of the Design Curves 
The method for using the design curves thus far developed is 
presented in the following sequence of operations . The procedure 
assumes a specified basin size and specific yield . (Only one set 
of curves is developed at this time, although any number of others 
could be developed if desired.) 
1. Determine the "eccentricity", j/n, for the standard 
case of T = 1000 gpd/ ft and t = 30 days: 
a. Estimate j from the coordinates (x,y) 
The radius of a circle through the point 
(x,y) will be< j, therefore: 
(x2 + y2)~ < j 















-0. Graph gpd/ft Tlme(days) 
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Figure 9. Groundwater Mrund Build-up per ft /gpdlft2 ot Recharge vs Distance. 
Basin = 200ft by 100ft. 
Consider the eccentricity range from figure 7 
of 1.1 to 1.6 
b. Get j/n from figure 7 
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2. Solve the following form of the equation of an ellipse 
for n: 
2 2 2 1 
n = (x + y /(j/n) )~ (a) 
3. Check the initial assumption of j: 
j ? j /n x 
assumed ~ graph ncalculated (b) 
4. If initial assumption is not acceptable, go to la 
5. Adjust j/n to actual T and t, as follows: 
a. Get m and hint from figure 8 
b. Compute j/n by equation 11 
(j /n) 
6. Solve equations a and b for n and j using point location 
values for x and y 
7. Get build-up per unit recharge rate (Ah/w) from figure 9 
8. Multiply by w to get total build-up 
Example Problem 
An old sewer pipe is presently situated 5 ft above a water 
table aquifer. It is located in the vicinity of a proposed 200 ft 
x 100 ft percolation pond for waste cooling water. The pipe inter-
sects the projections of the basin axes at the points (0,200) and 
(150,0) (see figure 10). The City will consider early upgrading of 
the pipe if the elevated water table will cause significant infil-
tration. The basin will only be used during the months of May 




























































































































throughout that period. Water in excess of the percolation capa-





Present depth of water table 
Present height of water table aquifer 





This data is similar to that found by Haskell and Bianchi 
(1968) for pond 1 as described in appendix A. The soil was an 
alluvial fan deposited by streams with a surface c<:>ver of Panoche 
clay loam. The clay loam is responsible for the very low rate of 
recharge as compared to the aquifer permeability·. 
Solution 
Compute transmissibility: 
T = K x hi = 130 X 19 = 2500 gpd/ft 
Consider the most severe case, w = 2.5 gpd/ft2 and t = 120 
days. Assume maximum build-up will occur for that portion of the 
pipe closest to the center of the basin. This point has the coor-
dinates (75,100) (point A, figure 10). Apply the design curve 
methodology to the above data: 
la. Estimate j = 150 ft 
lb. From figure 7: j/n = 1.18 
2. By equation a: n = 118 
3. By equation b: j ~ 1.18 x 118 = 139 ~ 150 
4. Go to step 1 
la. Re-estimate j = 140 
lb. j/n = 1.2 





? j = 1.2 X 118 = 142 ~ 140 
Select j = 141 and j/n = 1.2 
Go to step 5 
From figure 8 select m = 0.95 and b. t = 0.04 
Note the insensitivity of these con~¥ants at large T 
and t 
By equation 11: 
j/n -(2500 , 120) - (0.95 X 1.2) + 0.04 = 1.18 
6. By equation a: n = 118 
by equation b: j = 141 
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Note that this was obvious due to the in variance of j /n 
for this example 
7. From figure 9 (see point A) visually interpolate and 
select 6h/w = 2 ft/gpd/ft2 
8. Total build-up, 6h = 2 x 1.5 = 3.0 ft 
These results indicate that for recharge rates in the 
neighborhood of 2.5 gpd/ft2 a high probability exists that irtfiltra-
tion of groundwater into the sewer pipe can occur toward the end 
of the recharge period. Infiltration probably will not occur if 
lower recharge rates prevail . Additional applications of this 
method can be used to estimate the time duration over which infil-
tration may occur and the length of pipe which is exposed . 
The maximum build-up beneath the center point is estimated 
from figure 3 to be 3.2 ft per gpd/ft2 of recharge. For this 
31 
problem that is 8 ft. Note that this mound growth could conceivably 
intersect the bottom of the basin resulting in a flooded condition 
for which the Han tush solution is not applicable. 
Recommendations 
To be of optimum usefulness the design curves need to be 
further generalized over specific yield and basin sizes. Generali-
zation over the specific yield can be accomplished in a manner 
similar to that used for the center-point only case. The build-up 
vs y curves can be developed for coupled specifications of T and 
S (see figures 3, 4, 5). Generalization over basin sizes can be y 
accomplished by developing several sets of curves similar to the 
set presented here for a 200 ft x 100 ft basin, each set for a 
different size rectangular basin. The possibility for further 
reduction of the number of charts required to contain the above 
amount of information may exist, and relationships to do this can 
be studied once the data has been developed. 
It must be noted here that a considerable amount of data 
reduction is required to produce a 3-curve design set similar to 
the one presented here. Production of a series of these sets 
require proportionately more effort. In view of the fact that the 
design curve method as developed here is not an overly simple one, 
although less rigorous than hand calculation, further effort along 
these lines should be considered carefully. 
IV. CONCLUSION 
This attempt to develop design curves can at best be con-
sidered of moderate success. Due to the large number of parameters 
involved no simple solution was developed. Rather, the design 
curve method developed here is a multi-step operation and still 
remains limited to a fixed basin size. 
Center-point build-up vs time curves can be used to predict 
maximum build-up and as a basis for crude estimates of build-up 
elsewhere in the field. These curves can be easily developed by 
the DELTAH computer program. 
DELTAH represents the most useful tool developed by this 
research. Data can easily be entered to provide calculated build- up 
for any desired conditions within the fixed limitations of the basic 
assumptions of the original equation {homogeneous, isotropic aqui-
fer of infinite areal extent under uniform recharge . ) 
It is believed that further generalization of the design 
curves could be obtained by reduction of a considerable amount of 
additional data. Such an attempt would need justification based 
on the overall utility of the curves , effort required to use them, 
and the accuracy of the Hantush solution . New methods using 
finite difference techniques are theoretically more accurate and 
less limited by basic assumptions . Whether or not this theoretical 
advantage is actually obtained in real applications will determine 
33 
if these more complicated and difficult solutions. will replace the 
Dupuit-Forcheimer types such as the Hantush solution. Even so the 
Hantush equation is the only approach as determined by this study 
to address the three dimensional recharge and associated build-up 
from a rectangular basin. 
Comparisons with actual field data are an indication that 
this approach can reasonably predict mound build-up beneath the 
center-point. Errors due to non-homogeneity of aquifers and 
difficulty in determdning formation constants may be more signifi-
cant than theoretical inaccuracies. 
APPENDIX A 
TABLE OF W* VALUES 
The table of W* (a,S) values as developed by Hantush (1967) 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CO~ARISON OF HANTUSH SOLUTION WITH FIELD DATA 
Haskell and Bianchi (1968) have collected field data for 
mound build-up vs time beneath the center-points of two square 2 
acre basins. The parameters as they determined them are presented 
in table 2. 
T.ABLE 2 
















0 . 35 ft/ day 
0 . 12 
26 ft/ day 
The DELTAH program was used to develop similar data for 
both of these ponds. Results are compared in figures C-1 and C-2 . 
It can be seen that the Hantush solution is very accurate in pre-
dieting the response for pond 1, whereas it is about 27% too low 
for pond 2. Additional data was developed for pond 2 using a spe-
cific yield of 0 . 05 to illustrate the sensitivity of the solution 



































































































































































































































































































































































































































Although the accuracy of the measured parameters in repre-
senting the aquifer can be cited as a poss.ible caus.e for th.e differ-
ence, it must be noted that Haskell and Bianchi developed a satis -
factory approximation using an equivalent- radius-circular- basin 
technique. 
APPENDIX C 
USER'S MANUAL FOR THE DELTAH COMPliTER PROGRAM 
The DELTAH computer program models the Hantush solution 
(1967) for groundwater mound build-up beneath a rectangular recharge 
area. Descriptions of the program and of the Hantush solution are 
included in the text of this report. 
Data Input 







Description of entry 
Additional comments where required 
The Hantush W* table is contained on the first 140 data cards. 
This data is an implicit part of the program and is never changed. 
Data card number 1 is therefore defined as the first card succeeding 
these cards. 
For each variable parameter, P, the user selects a starting 
value, Pl; an incremental value, DELP; and the number of times the 
increment is to be applied, NP. For cases in which a fixed value 







Print Indicator for W* Table (Il) 
1 JPRINT The W* table will be printed if JPRINT = 1 . 
If printing is not desired, enter blank 
card. 
















This card will be reprinted exactly as is 
and can be used to describe the problem 
represented by data cards 3-10. 
(3Fl0. 2) 
Full length of the recharge area (feet). 
Full width of the recharge area (feet). 
Initial height of the aquifer (feet). 
The aquifer thickness or height is not 
utilized in the program, therefore this 
field may be left blank (HI= 0). It is 
provided for future program modification 
such as imputing the hydraulic conducti v-
ity or changing the reference elevation 
of the output data. 
(Fl0.2, I2, 8X, Fl0.2) 
Transmissibility (gpd/ft) or first T of 
iteration 
Number of iterations desired (integer). If 
T = Tl only, NT c 01 
Blank field. 
Desired increment between iterations 
(gpd/ft). May be left blank if Tl is fixed. 
{F 10 . 2 , I 2 , BX, F 10 . 2) 
Specific yield or first SY of iteration (- ). 
Number of iterations desired (integer). If 
SY = SYl only, NSY = 01 
Blank field. 
















Ql Recharge rate (gpd/ft2) or first Q (w) of 
iteration. 
NQ Number of iterations (integer). If Q = Ql 
only, NQ = 01. 
Blank field. 
DELQ Increment. Leave blank if Ql is fixed. 
(Fl0.2, I2, ax, Fl0.2) 
Dl Time after recharge begins (days) or first 
D of iteration. 
ND Number of iterations (integer). If D = Dl 
only, ND = 01. 
Blank field. 
DELD Increment (days). Leave blank if Dl is 
fixed. 
The time parameter is treated specially 
so that any iteration initiated at t = 0 
will have a solution for t = 1 day. For 
example: if an iteration at 10 day in-
crements is desired beginning with t = 0 
and ending at t = 50, the user enters; 
Dl = 0, ND = 6, and DELD = 10. Solutions 
will be developed for t = 1, 10, 20, 30, 
40 and 50 days. 





X coordinate of point of interest (feet) or 
first X of iteration. 
Number of iterations (integer). If X= Xl 
only, NX = 01. 
Blank field. 
Increment (feet) . Leave blank if X1 is 
fixed. 





Y coordinate of point of interest (feet) or 
first Y of iteration. 
Number of iterations (integer). If Y = Yl 
only, NY = 01. 
Blank field. 
Increment (feet). Leave blank if Yl is 
fixed. 
45 
10. Page Indexer (Il) 
1 IPAGE Number of solution sets (topographic maps) 
per output page (integer). Select values 
from table 3. · 
TABLE 3 

















*Based on 8 lines per inch printer 
At this point the program will solve the problem represented 
on cards 2-10 and will then return to card 2 to read in the next 
data set. This will continue until all data sets have been pro-
cessed. 
Example Problem 
The DELTAH program was used to solve the example problem 
which was presented in section III. Complete topographic map solu-
tions over the region of interest were developed for recharge rates 
of 1.5 and 2.5 gpd/ft2 , and for time intervals of 30 days over the 
4 months of operation. A sample Fortran Coding Sheet illustrating 
the input data is presented as figure 13. The results are plotted 
2 in figure 14 (see figure 10) for the 2.5 gpd/ft recharge rate case . 
C AM DELTAH Example Problem 
I'~ AMMf• Weinstein I DATE Jan. ,. 1978 




C rd l. 
I I I I I 
IP1int Ind cator, J1 RINT. 1 
B ank cat~ 
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~ I 
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o 2 1 • o' 
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t = 30days 
2.0 
1.0 t------t-----+--~-....__-4--~f-----4---..__-----+-----1------+-
t = I day 
Y-200 180 160 140 120 100 80 
X- 0 15 30 45 60 75 90 









Figure 14. Build-up Along Trend of Sewer- Pipe for Monthly Time Intervals. 
48 
These results indicate that maximum build-up of 5 . 4 ft can 
be expected at the point (75,100) along the trend line of pipe . 
At the end of 120 days of recharge the length of pipe e~osed to 
infiltration will be 137 ft. Infiltration will begin at t = 90 
days at the point (90,80) {beginning of August). 
The results using the design curves compare well with those 
from DELTAH. lbe design curve results predicted maximum build-up 
along the pipe trend of 5 ft for 2 . 5 gpd/ft2 recharge and 3 ft for 
1.5 gpd/ft2 recharge; DELTAH, 5.4 and 3.3 ft . The difference might 
be explained by the extensive visual interpolation required in the 
use of figure 9 due to the lack of curves for times greater than 50 
days and transmissibility of 2500 gpd/ft. 
Program Listing 
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